The crater size-frequency distribution of lunar maria is characterized by the change in slope of the population between 0.3 and 4 km in crater diameter. The origin of the steep segment in the distribution is not well understood. Nonetheless, craters smaller than a few km in diameter are widely used to estimate the crater retention age for areas so small that the number of larger craters is statistically insufficient. Future missions to the moon, which will obtain high resolution images, will provide a new, large data set of small craters. Thus it is important to review current hypotheses for their distributions before future missions are launched. We examine previous and new arguments and data bearing on the admixture of endogenic and secondary craters, horizontal heterogeneity of the substratum, and the size-frequency distribution of the primary production function. The endogenic crater and heterogeneous substratum hypotheses are seen to have little evidence in their favor, and can be eliminated. The primary production hypothesis fails to explain a wide variation of the size-frequency distribution of Apollo panoramic photographs. The secondary craters are likely the major source of the steepening of the distribution. It is ambiguous, however, which primary craters can produce sufficiently numerous secondary craters. The regional variation of the sizefrequency distributions shows that few large impacts produce enough secondary craters to affect the distributions in the surrounding area. We emphasize that a crater size-frequency distribution of small craters on the moon should not be taken as an indication of the surface age. More data obtained from future lunar missions should be viewed in this context, and continued to be examined for further insight into the possible formation mechanism for secondary craters.
Introduction
It is well known that a number density of craters increases monotonically with time on planets and satellites where volcanic resurfacing and fluid erosion are of negligible importance. Also, crater counting on planetary surfaces reveals that the number density decreases as the crater diameter increases (e.g., Basaltic Volcanism Study Project, 1981; Chapman and McKinnon, 1986; Melosh, 1989) . Then, in the ideal case, the cumulative number density of craters per km 2 , σ , is described by a power-law distribution of crater diameter in km, D (Basaltic Volcanism Study Project, 1981; Melosh, 1989) ,
where α is a coefficient that increases with the age of surface. The index, β, is the slope of (1) in a log(D) vs. log(σ ) plot and is usually a constant close to −2 (e.g., Melosh, 1989) . The crater size-frequency distribution on the lunar maria is a well-known exception from (1) (e.g., Basaltic Volcanism Study Project, 1981; Wilhelms et al., 1987; Melosh, 1989 ). An average crater size-frequency distribution over the lunar maria consists of three segments (Fig. 1) . These segments are divided at diameters around 0.3 and 4 km, and each segment has a characteristic slope. In the segment for D larger Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. than 4 km, the value of β of (1) varies in the range between −1.6 and −2.0 depending on the area, with the average of −1.8 (Wilhelms et al., 1987) . Because the value of α of (1) in this diameter range uniquely corresponds to the radiometric age of the returned rock samples, α in this segment is used to determine the surface age of the lunar maria (e.g., Basaltic Volcanism Study Project, 1981) . In the segment for D smaller than 0.3 km, the value of β is again close to −2. According to the previous studies by impact experiments and numerical simulations, the craters in this diameter range are inferred to be in equilibrium (e.g., Gault, 1970; Chapman and McKinnon, 1986; Hartmann and Gaskel, 1997) . That is, the number density of craters has reached steady state, in which the formation of the new craters and the consequent erosion of old craters are in balance. In crater equilibrium, α in (1) does not depend on time, but is a constant between 0.015 and 0.15 (e.g., Gault, 1970; Melosh, 1989) .
The segment for diameter larger than 0.3 km and smaller than 4 km is distinguished by a steep slope where the value of β lies in the range between −3 and −4 with the average of β of −3.4 (e.g., Melosh, 1989) . Such an abrupt change in the slope (Fig. 1 ) has been proposed to result from either admixture of endogenic craters (Kuiper et al., 1966; Chapman et al., 1970; Schultz et al., 1976) , horizontal heterogeneity of the properties of the substratum in which impact craters formed (Gault, 1970; Chapman et al., 1970 Schultz et al., 1977) , a primary production function that shows a sim- (Basaltic Volcanism Study Project, 1981, table 8.4.1; Melosh, 1989) . The shaded band indicates crater equilibrium, for which α and β are between 0.15 and 0.015, and −2, respectively (Melosh, 1989) .
ilar abrupt decrease in the slope (Neukum and Wise, 1976; Neukum and Ivanov, 1994; Chapman et al., 1996) , or predominance of secondary craters in the size-frequency distribution for diameters smaller than 4 km (Shoemaker, 1965; Wilhelms et al., 1978) . Since high-resolution lunar images became available after Apollo and Lunar Orbiter spacecraft, there has been a controversy among these hypotheses (e.g., Basaltic Volcanism Study Project, 1981) . While the cause of the steepening remains unsolved, small craters are widely used to estimate a surface age (e.g., Greeley et al., 1993; Neukum and Ivanov, 1994; Hartmann et al., 1999, Hartmann and Berman, 2000) on the basis of the primary production hypothesis (Neukum and Wise, 1976; Neukum and Ivanov, 1994; Chapman et al., 1996) . An advantage of large number of small crater increases as images taken by the future lunar explorations, such as Japanese LUNAR-A (Mizutani, 1995) and SELENE (Sasaki et al., 1999) , are expected to achieve higher resolution than previous ones. Therefore it is important to review possible hypotheses for this steepening before the new missions are launched. These hypotheses predict that the steep slope segment is associated with a surface age or local properties of the studied area. Therefore we attempt to evaluate these hypotheses by measuring the size-frequency distributions of craters smaller than a few km in series of photographs covering Copernicus and Tycho craters, Oceanus Procellarum, and Mare Imbrium, and comparing the distributions with other data sets. For example, the endogenic crater hypothesis (Kuiper et al., 1966; Chapman et al., 1970; Schultz et al., 1976) implies that the steep slope segment is most distinctive on a unit such as Marius Hills where past magmatic activity is indicated from geologic studies (Weitz and Head, 1999) . In contrast, on a surface younger than the cease of lunar magmatism, such as ejecta blanket of Copernican craters, the steep slope segment is not expected. Thus, measurement of the crater size-frequency distributions in young craters can be a test of this hypothesis.
The physical properties of the substrate also have been considered to influence the crater size-frequency distribution (the heterogeneous substratum hypothesis) (Gault, 1970; Chapman et al., 1970 Schultz et al., 1977) . Because the crater diameter is dependent on the strength of the target in a strength regime (Chapman and McKinnon, 1986) , mechanical structure of the lunar surface may affect the crater size-frequency distribution (Gault, 1970; Chapman et al., 1970 . Schultz et al. (1977) further point out that properties of the target strongly affect degradation of small craters. In this case, the crater size-frequency distribution can reveal some correlation with geophysical data sets, if the data sets manifest the horizontal heterogeneity of the subsurface structure. In this context, we first investigate a correlation between the crater size-frequency distribution and thickness of mare basalt. The thickness of mare basalt is estimated to be between 0.1 and 2 km (DeHon and Waskom, 1976; DeHon, 1979; Head, 1997, 1999; Budney and Lucey, 1998) . A boundary at this depth may be related to the inflection of the crater size-frequency distribution around 4 km in diameter (Fig. 1) . A shift of the inflection point to, for example, larger diameter results in an apparent increase of the α value. Second, we compare the crater size-frequency distributions with the topography of mare surface (Smith et al., 1997) . If the topography reflects superposition of basaltic layers, a regional variation of the crater size-frequency distributions may show a correlation with the topography. And third, we compare variations of the distributions with the Bouguer gravity anomaly (Konopliv et al., 1998; Wieczorek and Phillips, 1998; Konopliv and Yuan, 1999) . The gravity data represent the structure of lunar interior, therefore the horizontal heterogeneity of target properties beneath the mare surface may be somehow related to the gravity anomaly. Neukum and Wise (1976) have proposed a third possibility that attributes the steep slope segment of the crater size-frequency distribution to the crater production function. Their primary production hypothesis is supported by a discovery of the same steep slope segment in the crater size-frequency distribution on the asteroid Gaspra (Neukum and Ivanov, 1994; Chapman et al., 1996) and in the sizefrequency distribution of Earth-crossing asteroids (Rabinowitz et al., 1994) . On the other hand, the crater sizefrequency distribution on Eros shows β greater than −2 (Veverka et al., 2001) . Therefore the size-frequency distribution of primary production requires further investigation. If the crater size-frequency distribution in the lunar maria is simply indicating that of the projectile (Neukum and Wise, 1976; Neukum and Ivanov, 1994; Chapman et al., 1996) , the value of α necessarily corresponds to the eruption age of the mare basalt. Naturally α in the steep-slope segment can be applied to crater chronology and would be extremely useful to estimate the age of so small an area that only a few craters larger than 4 km exist (Greeley et al., 1993; Hartmann et al., 1999; Hartmann and Berman, 2000) . We wish to test this hypothesis from a comparison of radiometric ages with the α values of the steep slope segment. However, the sample locations are restricted to the Apollo and Luna landing sites, and current rock samples cover only a limited portion of the maria. Instead, we take geological maps (Pieters, 1978; Whitford-Stark and Head, 1980; Wilhelms et al., 1987) un- Table 1 . Summary of location, geologic classification, least-squares fits, and χ 2 test for all photographs taken in this study (Pieters, 1978; Whitford-Stark and Head, 1980; Wilhelms et al., 1987 (Fig. 2) . The average latitude of metric 1 and 2 groups are 28.0 • N and 25.4 • N, respectively. §: Classification is based on spectral map compiled by Wilhelms et al. (1987, pl. 4 ) from Pieters et al. (1975) , Head et al. (1978) , and Pieters (1978) . The region adopted in this work has been studied by Pieters (1978) . First letter H-h-m-L indicates range of UV/VIS ratios from H (high) to L (low), respectively. Second letter B-I-D indicates albedo, from Bright (B) to dark (D), respectively. Third letter S-G indicates nature of the mafic mineral absorption band near 1 mm, strong (S) and gentle (G), respectively. Forth letter P-A indicates nature of the pyroxene absorption band near 2 mm, prominent (P) and attenuated (A). #: Geologic units are classified by surface age (Whitford-Stark and Head, 1980) . The Sharp formation consists of the youngest units, and the Telemann formation consist of the oldest units. Sharp + Hermann indicates that the panoramic picture lies on the boundary between the two formations. * : Classification is taken from surface age determined by Wilhelms et al. (1987, pl. 12) . Im, Er, and Co denote Imbrian, Eratosthenian, and Copernican, respectively. der the assumption that each geological unit represents concurrent eruptions.
As for the secondary crater hypothesis (Shoemaker, 1965; Wilhelms et al., 1978) , there are two different interpretations depending on the size of the primary crater. First, if all primary craters are accompanied by small secondary craters, this interpretation is indistinguishable from the primary production hypothesis (Basaltic Volcanism Study Project, 1981) . There is then no need for a new test. Second, if only primary craters larger than a few tens km in diameter can produce secondary craters (Shoemaker, 1965) , the number density of the secondary craters would decrease with distance from a local large crater. Thus, we can test this hypothesis by examining a variation of the α value of the steep slope segment depending on the distance from large primary craters. at 10
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Geological settings and photographs of the studied area
• N and 20
• W on the southernmost part of Mare Imbrium. Its age is estimated to be about 0.81 b.y. from U-ThPb and K-Ar dating of regolith sample and a degassing event in KREEP glass collected at the Apollo 12 site (e.g., Silver, 1971; Alexander et al., 1976 Alexander et al., , 1977 Bogard et al., 1992) . Tycho crater lies on the highland at 43
• S and 11
• W. Its age is estimated to be about 0.109 b.y. from a peak in Apollo 17 soil cosmic ray exposure ages (e.g., Drozd et al., 1974; Wolfe et al., 1975; Lucchitta, 1977) . We adopt three highresolution images taken by Lunar Orbiters 4 and 5 (Table 1) . The LO5H127, LO5H153, and LO4H121 are photographs of the ejecta blanket of Tycho crater, and the ejecta blanket and floor of Copernicus crater, respectively. The maximum resolutions of these images are about 60 m, 2 m, and 2 m, respectively (Wilhelms et al., 1987) .
We also investigate the crater size-frequency distributions in parts of Oceanus Procellarum and Mare Imbrium (Fig. 2) . Oceanus Procellarum and Mare Imbrium are interpreted to be covered by basaltic volcanism that occurred between 3.10 and 3.25 and between 3.20 and 3.35 b.y. ago, respectively, from the radiometric ages of the rock samples returned by Apollo 12 and 15 (Basaltic Volcanism Study Project, 1981) . While Wilhelms et al. (1987) claim that eruptions occurred in the Imbrian, Eratosthenian, and even Copernican systems, their age estimates are possibly subject to the population of craters in the diameter range discussed in this work. There are several craters larger than 25 km in diameter in this region (Fig. 2) . Among these craters, Aristarchus (23.7 • N and 47.4
• W, D = 40 km), Timocharis (26.7 • N and 13.1 and Euler (23.3 • N and 29.2 • W, D = 28 km) craters belong to the Copernican system and DeLisle (29.9
• N and 34.6
• W, D = 25 km) and Lambert (5.8
• N and 21.0
• W, D = 30 km) craters belong to the Eratosthenian system (Taylor, 1982; McEwen et al., 1997) . We adopt a series of Apollo 15 metric photographs as well as panoramic photographs (Table 1) covering the region between 26
• N and 32
• N, and between 6
• W and 69
• W (Fig. 2 ). As listed in Table 1 , those metric photographs cover a wider area than panoramic photographs (Fig. 2) . The maximum resolutions of metric and panoramic photographs are 20 m and 2 m, respectively (Wilhelms et al., 1987) .
Corrections of Apollo 15 metric and panoramic
photographs The metric and panoramic photographs were taken along tracks of the Apollo 15 orbiter. As a consequence, a sun elevation gradually changes from a few to 40 degrees. A correction for different solar angle has been made such that crater diameter increases from a measurement by 1 m per degree as sun elevation increases (Young, 1975 (Young, , 1977 .
Next we have made a small correction for the scale of printed photographs. Original sizes of the Apollo 15 metric and panoramic photographs are 5 by 5 and 5 by 48 inches, respectively. We have requested National Space Science Data Center to enlarge both metric and panoramic photographs by 2 and 3.2 times, respectively, so as to count small craters. At the same time, we extract only the central region (5 by 6.25 inches) from the original panoramic photograph because the image is highly distorted far from the center of the photograph. In order to account for differences of enlargement of each photograph, we have first measured in metric photographs the diameter of the crater that has been already catalogued by Wilhelms et al. (1987) . While some metric photographs lack the catalogued craters, all metric photographs overlap each other (Fig. 2) . Then the scales of those metric photographs have been interpolated from the overlaps with the adjacent photographs. Second, we have determined the scales of the panoramic photographs from those of metric photographs by taking advantage of the fact that all panoramic photographs are overlapped by metric photographs (Fig. 2) . Finally, as an additional test, the lengths of letters "APOLLO" printed on the rim of the panoramic photographs are measured when they are found. Without the adjustment described above, the average and standard deviation of the length of the letters are 139 and 5 mm, respectively. Therefore the ambiguity in scale due to enlargement is less than 4%.
Other data sets
We adopt three geophysical data sets for tests of the endogenic processes and heterogeneous substratum hypotheses. For thickness of mare basalt, we take estimates by DeHon (1979) . Although new estimates of basalt thickness for Humorum, Orientale, Smithii, and Maginis basins, and lava ponds in South Pole-Aitken basin have been ob-tained from the detailed analyses of Clementine multispectral images Head, 1997, 1999; Budney and Lucey, 1998) , basalt thickness estimates for Oceanus Procellarum and Mare Imbrium have not been revised since DeHon (1979) . For topography model, we adopt a set of spherical harmonic coefficients (GLTM-2) calculated from the topographic data obtained by Clementine lidar experiment (Smith et al., 1997) . And for Bouguer gravity anomaly model of the Moon, we adopt the harmonic coefficients JGL100J1 (Konopliv et al., 1998; Wieczorek and Phillips, 1998; Konopliv and Yuan, 1999 ). This gravity model is calculated from radio tracking of the Lunar Orbiters 1 to 5, Apollo 15 and 16, Clementine, and Lunar Prospector spacecraft. The reference geoid is set to be a sphere of radius of 1738 km, and crustal and mean densities are assumed to be 2800 and 3340 kg m −3 , respectively. Magnetic anomaly data are another possible source to constrain subsurface structures. However, because Halekas et al. (2001) find no clear association between geologic features and magnetic anomalies in Lunar Prospector electron reflectometer measurements, we do not include a magnetic anomaly map in this study.
As a reference of regional geology, we adopt geologic and spectral maps of the moon by Pieters (1978) , WhitfordStark and Head (1980) , and Wilhelms et al. (1987) (Table 1) . For some provinces, elemental and mineralogical maps have been already revised on the basis of multispectral analyses of Clementine UVVIS images (e.g., Yingst and Head, 1999; Gillis and Spudis, 2000; Hiesinger et al., 2000a, b; Staid and Pieters, 2001 ) and Lunar Prospector γ -ray and neutron spectrometer data Feldman et al., 1998a, b; Lawrence et al., 1998) . However, we do not adopt these newer maps for two reasons. First, many of these maps are not classified into geologic units. Second, when geologic units are interpreted, the crater density has been already taken into account in the classification. Thus these newer maps are neither applicable to nor independent from our tests.
Results
Examination of statistical procedures
The result of crater count in each size bin is listed for all photographs in Table 2 , and examples of the crater sizefrequency distributions are shown in Figs. 3, 4 , 5, and 6. In these figures, formal errors are calculated as a square root of the cumulative number of craters in each size bin. In practice, however, it is possible that the bias of an individual researcher is greater than the statistical deviation (Basaltic Volcanism Study Project, 1981) . We compare our results with previous works (Neukum and König, 1976; Guinness and Arvidson, 1977; Young, 1977) to evaluate the bias in our counts. In Figs. 3, 4 , and 5, the results by Guinness and Arvidson (1977) and Young (1977) are shown for comparison. While the differences of crater counts among the different workers are not negligible, the number densities agree each other in general. Two exceptions are the crater size-frequency distributions in a diameter range greater than 100 m in Fig. 3 , and that of the Copernicus floor by Young (1977) in Figs. 4(a) and (b) . A comparison with the results by Neukum and König (1976) is made only graphically because the numbers of craters counted by Neukum and König (1976) are not available in the literature. Their crater counts on Copernicus floor and ejecta blanket are consistent with others while that on Tycho is markedly different. The cause of occasional differences among these databases is not clear. However, the general agreement supports the use of our crater counts.
We find the best-fit parameters of (1) for each photograph paying attention to the left/right-hand effect (Pickering et al., 1995) and the goodness-of-fit. First, no crater smaller than 1 mm in diameter on Apollo metric and Lunar Orbiter photographs is taken into account in our statistics. We set this criterion as a conservative lower bound through preliminary tests. For panoramic photographs, we have started with the crater counts of AS15-0260 (Table 1) . Then we have confirmed that craters smaller than 2.8 mm in diameter on the photograph (D = 0.13 ∼ 0.18 km on the moon) are in the crater equilibrium (e.g., Gault, 1970; Chapman and McKinnon, 1986; Hartmann and Gaskel, 1997) (Table 2 and Fig. 6 ). Therefore the craters smaller than this diameter are not taken into account in the later counts of Apollo panoramic photographs (Table 1) . Although the craters at this diameter are not in the equilibrium in some photographs, our estimates of α and β (Table 1) are little dependent on this lower bound of the diameter range (Table 2) .
Second, in order to determine the diameter range of the steep slope segment in a statistical manner, we apply the χ 2 test (Press et al., 1988) to our crater counts. We calculate α and β for least-squares fit on cumulative plot, and then evaluate the goodness-of-fit, Q, for all diameter ranges to find a maximum value of Q for each photograph. In Table 1 , the α and β, the maximum value of Q, and the adopted range of diameter are summarized for each photograph. Among 48 photographs, the crater size-frequency distributions of three metric photographs reveal β greater than −3 (AS15-2480, 2490, and 1838). Because an obvious signature of the steep slope segment is absent, these photographs are excluded from the following discussions. In addition, the metric photograph AS15-2746 is also excluded, because the maximum Q value is smaller than 0.1. The least-squares fit of this photograph is not statistically reliable (Press et al., 1988) .
The variation of α in Oceanus Procellarum and Mare Imbrium is shown in Fig. 7 . It is clear in this figure that α values of the panoramic photographs show regional variations as large as a factor of 10. Such large variations cannot be explained by statistical deviations. In contrast, variations of α in the metric photographs is less than a factor of 3 (Table 1) . As a test of internal consistency of our counts, we have compared the average density of panoramic photographs and that of metric photographs for the areas of overlap; both densities match within a statistical error. A variation of a factor of 2 between adjacent photographs in Oceanus Procellarum is also found in the work by Young (1977) . Therefore we consider that this regional variation is statistically significant. 3.2 The crater size-frequency distribution in young craters First we test the endogenic crater hypothesis (Kuiper et al., 1966; Chapman et al., 1970; Schultz et al., 1976) on the basis of our crater size-frequency distributions in young craters. In Figs. 3 and 5, the steep slope segments are iden- tified in the crater size-frequency distributions on the ejecta blankets of Tycho and Copernicus craters. While the steep slope on Tycho ejecta blanket is not perceived by some previous work (Basaltic Volcanism Study Project, 1981) , the steep slope segment can be recognized in not only our results but also others (Young, 1977) (Figs. 3(a) and (b)). These results indicate that the endogenic crater hypothesis is implausible, because no volcanic activity is reported on the ejecta blankets of young Tycho and Copernicus craters. Even though post-impact volcanism is suggested for the floors of these two craters (Basaltic Volcanism Study Project, 1981) , the observed size-frequency distribution on the floor of the Copernicus crater (Table 2 and Fig. 4 ) is nearly identical with that on the ejecta blanket (Table 2 and Fig. 5 ).
A comparison with geophysical data sets
We consider the second hypothesis that attributes the steep segment of the crater size-frequency distributions to variable strength of target (Gault, 1970; Schultz et al., 1977; . Unfortunately, our knowledge on the subsurface structure under the lunar maria is limited. Instead we examine the correlation of the crater size-frequency distribution with thickness of mare basalt (DeHon, 1979) , topography (Smith et al., 1997) , and Bouguer gravity anomaly (Konopliv et al., 1998; Wieczorek and Phillips, 1998; Konopliv and Yuan, 1999) assuming that these geophysical data sets are influenced by crustal structure. The results are shown in Figs. 7, 8, and 9. In Fig. 7 , we adopt 13 craters that lie in an area between 10
• W and 70
• W, and between 26
• N from the list by DeHon (1979) . The mare thickness estimated from those 13 craters is shown as open squares in Fig. 7 by the longitude regardless of the latitude. In this figure, the mare thickness appears to have no correlation with crater size-frequency distributions of either metric or panoramic photographs. The topography and Bouguer gravity anomaly at the center of each photograph are calculated by using sets of spherical harmonic coefficients, GLTM-2 (Smith et al., 1997) and JGL100J1 (Konopliv et al., 1998; Wieczorek and Phillips, 1998; Konopliv and Yuan, 1999) , respectively. It is evident in Figs. 8 and 9 that no significant correlation is found between the crater sizefrequency distributions and the topography or Bouguer gravity anomaly. Consequently correlations calculated for these data sets are low (Table 3) . Thus, the variable target hypothesis is not supported from the present data sets.
A comparison with geologic units
If the crater size-frequency distribution corresponds to that of projectiles, the distribution is necessarily a function of surface age until the density reaches in equilibrium. Therefore a (b) Fig. 3 . A crater size-frequency distribution on the ejecta blanket surrounding Tycho crater (LO5H127). Solid circles and squares are the crater size-frequency distributions from Young (1977) and this work, respectively. Solid and dotted lines are an average and errors determined by Guiness and Arvidson (1977) . The shaded band indicates crater equilibrium for which the value of α is between 0.15 and 0.015 (Melosh, 1989) . (a) Cumulative, and (b) R plots (Crater Analysis Techniques Working Group, 1979; Strom et al., 1992) .
test of this hypothesis is to compare the crater size-frequency distribution of the photographs in Table 1 with radiometric age at each location. For example, Young (1977) argues that a ratio of crater number density for Copernicus to that for Tycho at a-100-m diameter is consistent with approximate ages of these craters. While our counts reveal a similar ratio at this diameter (Figs. 3 and 5) , it is obvious from the low negative β values in Table 1 that the ratio strongly depends on diameter. For Oceanus Procellarum and Mare Imbrium, a direct comparison between the size-frequency distribution and the radiometric age is difficult because of a lack of samples to be measured. Instead we compare the α value of each photograph with classification in geologic maps (Pieters et al., 1975; Head et al., 1978; Pieters, 1978; Whitford-Stark and Head, 1980; Wilhelms et al., 1987) assuming that each geologic unit represents the same surface age (Figs. 10(a), (b) , Group, 1979; Strom et al., 1992) .
and (c)). In Figs. 10(a), (b), and (c), we classify the α values by geologic and spectral units. And also we show an average and a standard deviation of α in the same geologic unit by open squares. Because the standard deviation is much greater than errors of each photograph, no relation is found between the α values and geologic classification. Therefore we conclude that the primary production hypothesis is unlikely.
A comparison among panoramic photographs
The crater size-frequency distributions of the panoramic photographs in Oceanus Procellarum and Mare Imbrium (Fig. 7) can serve as a test of the secondary crater hypothesis. At the first glance, clusters of secondary craters are recognized on the photographs 0284, 0296, 0300, 0304, 0316, 0328, 0332, 0356, 0358, 0360, 0362 , and 0366 (Table 1) . While their contribution to the α values is apparently minor except for the photographs AS15-0328 and 0362, it is necessary to take into consideration the possible presence of many isolated secondary craters. Therefore we examine the α value and distance from a local large crater, because the density of small craters is expected to decrease Group, 1979; Strom et al., 1992) .
as the distance increases. We select 12 large craters with diameter sufficiently large to form secondary craters (Shoemaker, 1965) and examine the crater density with increasing distance from the large crater. They are Archimedes, Aristarchus, DeLisle, Diophantus, Euler, Herodotus, Lambert, Timocharis, Krieger, Lichtenberg, Pytheas (Fig. 2) , and Copernicus craters. Then it is found that Aristarchus crater is a possible source of the secondary craters not only because the correlation is the highest (Table 3) , but also because the α value decreases with the inverse of distance (Fig. 11) . Figure 11 indicates that the secondary craters hypothesis is the most likely to explain the steep slope segment of the crater size-frequency distribution, and that isolated secondary craters play an important role in the crater size-frequency distribution.
Discussion
Elimination of the primary crater hypothesis
Before the primary production hypothesis is rejected, we should allow for the possibility that the classification in the geologic maps is incorrect. As evident in Table 1 , there is Working Group, 1979; Strom et al., 1992) . The thick dotted line is the size-frequency distribution of the panoramic photographs. The thick dotted line is the distribution of the metric 1 photographs, and the second branch is that of metric 2 photographs (Table 1) . Thickness of mare basalt estimated by DeHon (1979) is also shown by the thin solid line with open squares. anomaly. Solid circles, triangles, and squares indicate metric 1, metric 2, and panoramic photographs, respectively (Table 1) . Table 3 . Correlation of crater size-frequency distribution with other data sets (Smith et al., 1997; Konopliv et al., 1998; Wieczorek and Phillips, 1998) . Distance from Aristarchus crater 0.474 11 a notable discrepancy among the geologic maps by different workers (Pieters et al., 1975; Head et al., 1978; Pieters, 1978; Whitford-Stark and Head, 1980; Wilhelms et al., 1987) . If the steep slope segment of the lunar crater sizefrequency distribution is indeed indicating the surface age as proposed by Neukum and Ivanov (1994) , the large variation of α (Fig. 7) suggests that the current geologic maps need to be fully revised, and that the scale of geologic units may be significantly smaller than currently accepted (Hiesinger et al., 2000a, b; Rajmon and Spudis, 2001 ). Thus, a volcanic history more complicated than our present knowledge Wilhelms et al. (1987, pl. 4) from Pieters et al., (1975 ), Head et al. (1978 , and Pieters (1978) , (b) a geologic map by Whitford-Stark and Head (1980) , and (c) a geologic map by Wilhelms et al. (1987, pl. 12 ).
(Basaltic Volcanism Study Project, 1981) is implied. For example, values of α as low as 1.0×10 −3 (Fig. 7) indicate a surface age as young as that of the Copernicus impact (Table 1) . On the other hand, radiometric ages of Apollo 12 samples are concentrated within a narrow range from 3.05 to 3.35 b.y. (Fig. 12) (Basaltic Volcanism Study Project, 1981) . Therefore the primary production hypothesis is not supported by geochemical studies of lunar samples, even though the classification in geologic maps may include significant uncertainty. So far we have presented evidence that the primary production hypothesis is unlikely. The most important implication of this interpretation is that small craters should not be taken into account in the crater chronology. The "Nestingphoto technique" (Basaltic Volcanism Study Project, 1981) is not recommended in counting small craters, either. Despite the warning given by Basaltic Volcanism Study Project (1981) , use of small craters for detailed dating appears to be widely accepted (e.g., Greeley et al., 1993; Neukum and Ivanov, 1994; Hartmann et al., 1999, Hartmann and Berman, 2000) . Unless new evidence for the primary production hypothesis is found, we should use only large craters in the crater chronology.
Examination of the secondary crater hypothesis
In Subsection 3.5, we conclude that the secondary crater hypothesis is the most likely, but a few problems remain. First, there are several outlying points in Fig. 11 . Among those, high α values of AS15-0284, 0296, and other nearby photographs can be explained by a superposition of the secondary craters from Diophantus crater (27.6 • N and 34.3
• W, 18-km diameter, Fig. 2) (Taylor, 1982) . In Fig. 13 , we show the α values of the panoramic photographs within 10 crater diameters from Diophantus crater. According to the geologic map by Wilhelms et al. (1987) , AS15-0288 and 0292 are covered by the ejecta blankets from Diophantus crater. Therefore two low α values adjacent to Diophantus crater are plausible. Otherwise, the α value decrease with inverse distance as Fig. 11 . Similarly, the high value of α in the photograph AS15-0328 occurs because the area is partially covered by a ray from the Aristarchus crater (Moore, 1965) (Fig. 2) tary streaks, the influence of the rays complicates the interpretation of Fig. 11 . For other outlying points in Fig. 11 , no particular inference has been made. Second, it is unknown why only certain large primary craters are associated with secondary craters. In Fig. 2 , we can find many craters as large as Aristarchus and Diophantus craters. However, the variation of α in Fig. 2 is not significantly affected by other large craters. In particular, the panoramic photographs in Fig. 2 lie between 5 and 16 crater diameters from Copernicus crater (9.7
• N and 20.0 • W, 93-km diameter) (Taylor, 1982) , while no systematic variation of α is found with the distance from Copernicus craters.
Thus our results suggest that only particular craters, such as Aristarchus and Diophantus craters in this study, form a number of secondary craters sufficient to influence the sizefrequency distribution in the surrounding area. This interpretation may explain the conflict of our argument with that of Neukum et al. (1975) , who have demonstrated that the sizefrequency distribution of small craters in Mare Serenitatis is little dependent on a distance from Bessel crater and therefore have rejected the secondary crater hypothesis.
Figures 11 and 13 imply that the secondary craters and the ejecta blanket play important roles on the size-frequency distribution of small craters. However, neither their roles nor a mechanism to produce the secondary craters have been fully understood yet (e.g., Chapman and McKinnon, 1986) . Advances in experimental studies of hyper-velocity impact (e.g., Gault and Wedekind, 1978; Yamamoto and Nakamura, 1997; Yamamoto, 2002) are necessary. As well, comparative tests in different regions, using high-resolution images that are expected from future lunar missions (Mizutani, 1995; Sasaki et al., 1999) , are important.
Conclusions
Most of the crater size-frequency distributions on surfaces from Imbrian to Copernican ages of the moon reveal the steep-slope segment for diameters smaller than a few km. The endogenic crater hypothesis cannot account for the steep slope of the crater size-frequency distributions on ejecta blankets of young Tycho and Copernicus craters. At the same time, the crater size-frequency distribution has little to do with basalt thickness, topography, or Bouguer gravity anomaly. Therefore it is unlikely that the physical property of subsurface materials influences the steep slope segment of the crater size-frequency distribution. The regional variation of the crater size-frequency distributions in Mare Imbrium and Oceanus Procellarum appears to have no correlation with the geologic classification, thus allowing rejection of the primary production hypothesis. We note that craters smaller than a few km should not be adopted for age determination. Finally regional variations of the size-frequency distributions reveal a close relation with a distance from a local large crater. Isolated secondary craters are the likely cause of the steep slope segment, although the reason why only a small number of craters form numerous secondary craters is unknown.
Needless to say, the area studied in this work is limited in both space and geologic ages. Therefore it is difficult to rule out completely any hypotheses. However, our results do indicate that creation of the small craters is more complex than previously thought. New high-resolution images from future lunar explorations and experimental studies on cratering mechanisms may yield new insights.
